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Elucidating structure function relationships of DNA in cellular processes requires fast, reliable
methods that can be applied to picomole amounts of sample. Higher order structure can be
inferred by distinguishing paired and unpaired regions. It is shown here that enzymatic
digestion coupled with product analysis by matrix-assisted laser desorption ionization
(MALDI) is able to identify unpaired bases within structured DNA regions. The method is
demonstrated with DNA duplexes having a five nucleotide mismatch as a 59 overhang, a 39
overhang, and an internal loop. Exo- and endonuclease digestions are performed under
solution conditions (temperature, annealing, and enzyme buffers) which promote base pairing
and specific enzyme activity. For each type of mismatch, the length and sequence of the single
stranded region can be inferred from MALDI spectra taken as a function of digestion time.
(J Am Soc Mass Spectrom 1999, 10, 521–528) © 1999 American Society for Mass Spectrometry
The secondary structure of DNA can play animportant role in many mechanisms within thecell. In order to study the functions of DNA, its
structure must be known. For example, the structure
may dictate whether a protein will bind or not bind to
a specific sequence of DNA. DNA can exist in a variety
of structural conformations. These conformations are
defined by the number of strands in a helix (double,
triple, and quadruple), and other features, such as
hairpins, bulges, loops, and overhangs. Identification of
these features, which can be just a few bases to several
hundred base pairs in length, is essential for under-
standing the function of the DNA within a complex.
Secondary structural features in DNA are normally
identified with a combination of enzymes that selec-
tively digest either single or double stranded regions.
For example, nuclease S1 digests DNA specifically at all
single stranded regions, displaying both endo- and
exonuclease activity [1]. There are other nucleases that
also contain only exo- or endonuclease activity such as
calf spleen phosphodiesterase and snake venom phos-
phodiesterase. These two nucleases digest single
stranded DNA in a sequential manner from the 59 and
39 ends, respectively [2]. Because double stranded re-
gions are not digested, product analysis allows for
direct identification of where base pairing and mis-
matches occur.
Currently, native gel electrophoresis is the method of
choice for observation of intermolecular and intramo-
lecular associations of DNA strands [3]. However, this
method does not identify the exact regions where base
pairing may occur nor can it precisely measure the size
of DNA. Normally the process of finding structured
regions requires several experiments involving muta-
tional analysis, or chemical modification coupled with
gel analysis. These experiments can take from several
hours to days to complete, but can characterize regions
of DNA up to a thousand nucleotides in length. They
also require size markers and either a radioactive or
fluorescent label in order to detect and positively iden-
tify the DNA. Even with appropriate size markers,
some information about the length and extent of base
pairing may be ambiguous.
Recently, matrix-assisted laser desorption/ioniza-
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tion (MALDI) mass spectrometry has developed into a
powerful tool for characterizing DNA [4–28]. MALDI is
able to accurately sequence single strands up to about
50 bases without the need for labels or primers [5–9],
and to identify single base mutations within a PCR
product of approximately 70 bases [25]. Although the
effective range of sequencing may not be as wide as
with conventional methods, MALDI can sequence short
DNA strands in less time with the ability to identify all
of the bases in the strand. Single strands and PCR
products up to 500 bases have also been detected
[10–15], but it is not clear whether the mass accuracy
and resolution will be sufficient for sequencing long
strands. Ions corresponding to intact DNA duplexes
have also been reported by UV-MALDI [26, 27] and
IR-MALDI [28]. In the work reported here, enzymatic
digestion is coupled with MALDI-MS and used to
identify base pairing regions in DNA duplexes.
Experimental
DNA Preparation and Annealing
DNA samples were synthesized on an Applied Biosys-
tems 394 DNA–RNA synthesizer (Perkin Elmer,
Modesto, CA). Applied Biosystems reagents were used
according to recommended procedure. Purification was
accomplished by retaining the terminal dimethoxytrityl
(DMT) protecting group on an oligonucleotide purifi-
cation (OP) column in 10% aqueous ammonium hy-
droxide. Subsequent washes with ammonium hydrox-
ide removed the impurities and truncated sequences.
The DMT group was removed with a 1% TFA solution
and the deprotected oligonucleotide was eluted from
the OP column with 20% acetonitrile. The purified
material was dried and resuspended in doubly distilled
water to a final concentration between 5 and 15 mM in
a volume between 20 and 70 mL.
The DNA samples were buffer exchanged into S1
reaction buffer (100 mM sodium acetate, pH 5, 30 mM
sodium chloride) for nuclease S1 experiments, or an-
nealing buffer (100 mM sodium chloride, 1 mM EDTA)
for exonuclease digestions, using Bio-Rad Micro Bio-
Spin 30 (Bio-Rad, Hercules, CA) chromatography col-
umns. Equal amounts of complementary oligonucleo-
tides were combined for annealing. The annealing was
done by heating the sample to 85 °C, followed by slow
cooling to 4 °C at a rate of ,1 °C/min and held over-
night.
All single and double strands were confirmed by
native gel electrophoresis. The DNA was 59 labeled
with polynucleotide kinase and g-32P ATP at 37°C
according to the protocol from the supplier (Amersham,
Arlington Heights, IL). All digestion conditions for
confirmation of duplex DNA by gel electrophoresis
were identical to those in the MALDI experiments. The
autoradiograms confirmed that greater than 90% of the
DNA was double stranded at 37 °C.
Exonuclease Digestions
The annealed DNA was digested with phosphodiester-
ases isolated from calf spleen and snake venom (Boehr-
inger Mannheim, Indianapolis, IN; 4 units/mL). 1 mL of
the dilute enzyme (typically 1:5 enzyme dilution) was
added to 9 mL of annealed DNA (10 mM) at 30 °C. 3 mL
aliquots were taken at various times and added to 3 mL
of 1 M acetic acid, 1 mM EDTA to stop the reaction. The
stopped reaction was placed on ice until it was desalted.
Nuclease S1 Digestions
For each reaction, 12.5 mL of annealed DNA was
combined with 1.5 mL of 66 mM zinc sulfate in 100 mM
sodium acetate, pH 5. The S1 nuclease (Promega, Mad-
ison, WI) was diluted to a final concentration of 1–3
units/mL by diluting it with annealing buffer contain-
ing 1 mM zinc sulfate. The enzyme was added to the
DNA solution and allowed to react at 30 °C. 3 mL
aliquots were taken at various reaction times and added
to 5 mL of 12 mM (NH4)2EDTA on ice to stop the
reaction.
The amount of enzyme used for each reaction was
determined by an enzyme activity analysis on a single
strand of DNA. Determination of enzyme activity con-
sisted of a sequence analysis of each single stranded
DNA component of the duplexes. The enzyme dilutions
used for duplex studies were chosen to provide a full
sequence ladder of the single strands within 10 min.
Typically, this corresponded to a 1:5 dilution of the
phosphodiesterase solutions from the supplier with
cold, doubly distilled water.
All stopped reactions were desalted with a C-18
microcolumn. The microcolumn consisted of a gel
loader pipette tip (Bio-Rad, Hercules, CA) packed with
a few micrograms of 40 mm resin beads (ODS-SPE
Sorbent, J & W Scientific, Folsom, CA). The column was
prepared by crimping the end of a gel loader tip and
filling the bottom portion of the tip with the C-18 beads.
The beads were washed with 20 mL of acetonitrile and
25 mL of water prior to use. The sample aliquot was
loaded on the column, washed with 50–150 mL of
water, and eluted with 1 mL of acetonitrile. Ion ex-
change beads were also investigated for sample
cleanup. However, the C-18 beads gave more reliable
results.
MALDI Sample Preparation and Spectra
Acquisition
Samples were prepared by adding 1 mL of the purified
reaction mixture to 1 mL of matrix solution. The samples
were spotted on the sample plate and allowed to air
dry. The matrix was 6-Aza-2-thiothymine (ATT) (Al-
drich Chemicals, Milwaukee, WI), 10 mg/mL in a 50/50
mix of acetonitrile and 20 mM ammonium citrate. ATT
was recrystallized from water before use. ATT was
chosen for this study because it was found to give
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reproducible, intense spectra for short DNA strands in
the negative ion mode [26, 27, 29].
MALDI spectra were obtained on a PE Biosystems
(Framingham, MA) Voyager-DE instrument running in
the negative ion mode. Operating parameters were as
follows: accelerating voltage, 20,000 or 25,000 V; grid
voltage, 96% of the accelerating voltage; guide wire,
0.100% of the accelerating voltage; delay time, 600–1000
ns. Each set of experiments was calibrated externally
using purified and desalted oligonucleotides of known
molecular weights. The expected and measured mass-
to-charge ratios generally agreed within 61 Da, al-
though a difference as high as 4 Da could be observed.
No further effort was made to improve mass accuracy
because the agreement between expected and measured
values was adequate to unambiguously identify the
products. The spectra shown are an average of 100–200
laser shots taken over the sample spot.
Results
Table 1 shows the sequences of the duplexes considered
in this study. Also shown are the average masses of the
(M–H2) ions for the individual strands. The strands
were designed to have 19 base pairs with a five nucle-
otide overhang on one end, or a loop in the middle. The
19 base pair fragments were long enough to be stable in
duplex form at 30 °C. The approximate melting temper-
ature is 52 °C for duplexes 1, 2, and 3 and 30 °C for
duplex 4 in 100 mM sodium acetate [30]. The sequences
were also chosen such that the individual strands were
not self-complementary.
The high salt concentration needed to maintain a
stable duplex can cause problems with MALDI. If the
salts are left in solution, the MALDI spectra are de-
graded by the formation of a series of sodium adduct
peaks differing in mass by 22 Da (i.e., the difference
between a sodium and hydrogen ion). High salt con-
centrations also cause broadening of the molecular ion,
the formation of adduct peaks, and a significant de-
crease in signal-to-noise ratio. It has been reported for
MALDI of DNA that the upper tolerance limit for
sodium in solution is 25 mM [31]. This level is high
enough to maintain stable duplexes in solution. How-
ever, we found that sodium concentrations much lower
than this level (an order of magnitude or more) gave
unacceptable spectra in terms of adduct formation,
peak broadening and/or low signal-to-noise ratio.
Therefore, the desalting step was performed after the
digestion and prior to the MALDI analysis. The poten-
tial drawback of this approach is that intact duplexes
may be destabilized in the matrix–analyte mixture and
not observed in the MALDI spectrum.
Representative spectra for duplexes 1, 2, and 4 with-
out digestion are shown in Figures 1a, 2a, and 3a,
respectively. These spectra show mass ranges corre-
sponding to the individual strands of each duplex. Ions
corresponding to the intact duplex (m/z range 11,000 to
14,000, not shown in figures) were occasionally ob-
served as previously reported [26, 27] but the intensities
were no larger than 4% of the single strand peaks. The
low intensities are not surprising for several reasons.
First, the melting temperature of a duplex is signifi-
cantly reduced by the removal of the counterions dur-
ing column purification. Second, the duplex may not be
stable in the matrix–analyte solution or solid even in the
presence of annealing buffer. Third, the strands may
become separated during the desorption ionization
process. Although it would be beneficial to see duplex
ions in the spectra, it is not essential because structural
information is gained from the digestion products of the
individual strands.
The spectra in Figures 1a–3a show ions correspond-
ing to (M–H)2 of each of the intact strands in the
respective duplexes. These ions are indicated in the
figures along with their mass-to-charge ratios. In addi-
tion, sodium adducts are observed to the high mass
sides of the single strand molecular ions and are char-
acterized by a series of peaks having 22 Da mass
differences. Small peaks appearing at 150 mass units
less than the single strand molecular ions are probably
the result of depurination and/or metastable decay
Table 1. DNA duplexes
Average mass (M–H)2
Duplex 1
Top 59 TTA TAG TAA CGT TAA GCC CAG TTG 39 7366
Bottom 39 C ATT GCA ATT CGG GTC AAC 59 5787
Duplex 2
Top 59 GTA ACG TTA AGC CCA GTT G 39 5827
Bottom 39 TTC TCCAT TGC AAT TCG GGT CAA C 59 7278
Duplex 3
Top 59 GTA ACG TTA AGC CCA GTT G 39 5827
Bottom 39 CAT TGC AAT TCG GGT CAA C 59 5787
Duplex 4
Top 59 CAA CTG GGG CTT ATC TTA ACG TTA C 39 7631
Bottom 39 GTT GAC CC-------------G AAT TGC AAT G 59 5827
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induced by the laser radiation. The intensities of these
latter ions tend to increase with increasing laser pulse
energy.
The spectra in Figures 1a–3a were reproducible over
multiple experiments (see Experimental). In most cases,
ions corresponding to the intact strands were obtained
with a mass resolution greater than 700 FWHM and a
signal-to-noise ratio in the 20–100 range. Minor peaks
due to sodium adducts, depurination, and/or metasta-
ble decay were generally less than 10% of the intensity
of the (M–H)2 ion.
Although the duplexes exist in a 1:1 ratio, the relative
intensities of the molecular ions of the two strands are
not equal. Previous results in our group have shown
that the relative ionization yields of single oligonucleo-
tide strands are sequence dependent [24]. In that work,
it was observed that strands enriched with T generally
have a higher ionization yield than those enriched with
other bases. The relative intensities of the duplexes in
Figures 1a–3a are consistent with this hypothesis. In
Figures 1a–3a, the longer strands containing an over-
hang (m/z 7366 or 7278) or a loop (m/z 7631) are more
intense than the complementary 19-mers (m/z 5787 or
5827). The longer of the strands in the duplex pairs
contain three extra T units, which apparently increases
the ionization yields relative to the 19-mers. This effect
was reproducible from sample to sample. The spectra in
Figures 1–3 also show that the relative intensities of the
two strands change when the enzyme is added even if
no digestion occurs. The magnitude of this change
varied from spot to spot.
Digestions with Calf Spleen Phosphodiesterase
Calf spleen phosphodiesterase is an exonuclease that
cleaves bases sequentially from the 59 end of single
stranded DNA [1]. Figure 1 shows the spectra of duplex
1 prior to digestion (Figure 1a) and after a 1 min
digestion period (Figure 1b). This duplex contains a five
base single stranded overhang at the 59 end. At the 1
min time point (Figure 1b), the overhang is only par-
tially digested. The intact strand is still observed (mea-
sured m/z 7365, theoretical m/z 7366), as are products
corresponding to the loss of T (measured m/z 7061,
Figure 1. MALDI mass spectra of duplex 1: (a) no digestion, (b)
digestion with calf spleen phosphodiesterase after 1 min, (c)
digestion with calf spleen phosphodiesterase after 10 min, and (d)
digestion with snake venom phosphodiesterase after 10 min.
Figure 2. MALDI mass spectra of duplex 2: (a) no digestion, (b)
digestion with calf spleen phosphodiesterase after 10 min, (c)
digestion with snake venom phosphodiesterase after 1 min, and
(d) digestion with snake venom phosphodiesterase after 10 min.
The m/z 5868 ion in spectrum (d) corresponds to the loss of TTCTC
but with the addition of a terminal phosphate group.
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theoretical m/z 7062), TT (measured m/z 6757, theoreti-
cal m/z 6757), TTA (measured m/z 6443, theoretical m/z
6444), and TTAT (measured m/z 6140, theoretical m/z
6140). Metastable decomposition peaks at intermediate
mass-to-charge ratios are also observed [14]. The mass
differences between the sequence peaks indicate the
base that has been removed: 304 for T, 313 for A, 289 for
C, and 329 for G. Sequencing single stranded DNA from
the 59 end by enzymatic digestion with MALDI product
analysis has been reported previously [14–17]. Figure
1b extends this approach to a single stranded overhang.
Figure 1b does not indicate a significant base speci-
ficity for calf spleen phosphodiesterase. However, this
enzyme does exhibit a base specificity for digestion of
single stranded DNA [24]. With single stranded DNA,
digest product ions corresponding to the loss of a
terminal C or T are more intense than those correspond-
ing to the loss of a terminal A or G. The different
intensities are caused by different reactivities of the
strands—strands ending in or enriched with C or T
digest two to three times slower than strands ending in
or enriched with A or G. In contrast, no clear base
specificity is apparent from the intensity distribution of
digestion products in Figure 1b.
Figures 1c, 2b, and 3b show MALDI spectra of
duplexes 1, 2, and 4 after digestion with calf spleen
phosphodiesterase for 10 min, the length of time re-
quired to completely digest a single stranded 25 base
oligonucleotide. Duplex 1 has a five nucleotide over-
hang on the 59 end on the top strand. The MALDI
spectrum of this duplex after a 10 min digestion is
shown in Figure 1c. After digestion, the top strand of
duplex 1 is no longer observed. Instead, ions corre-
sponding to the loss of TTAT (measured m/z 6140) and
TTATA (measured m/z 5826) are observed. If the diges-
tion is allowed to proceed longer, the m/z 6140 peak
disappears and no additional digestion peaks below m/z
5827 are observed. Thus, the overhang is quickly di-
gested but the double stranded region remains intact.
As with the undigested duplexes, sodium adducts and
depurination peaks are observed to the high and low
mass side of the molecular ions. In addition, low
intensity peaks are sometimes observed which corre-
spond to the loss of G from the top strand and C from
the bottom strand. These products may be caused by
the digestion of the few single strands remaining in
solution after annealing (#2%) or by residual nonspe-
cific enzymatic activity.
Duplex 2 has a five nucleotide overhang on the 39
end of the bottom strand. This duplex is double
stranded on both 59 ends and is not a substrate for calf
spleen phosphodiesterase. Figure 2b shows the MALDI
spectrum of this duplex taken after a 10 min digestion
period. As expected, no significant difference from the
spectrum taken prior to digestion is observed. The two
main peaks correspond to the intact strands. Minor
peaks due to sodium adducts, depurination, and non-
specific enzyme activity are also detected. The third
duplex is double stranded over the entire sequence and
remained undigested (data not shown). Duplex 4,
which contains a single stranded loop and is blunt
ended, also shows no digestion at any time point. The
spectrum in Figure 3b is similar to that of the undi-
gested duplex (Figure 3a).
Of the three duplexes studied only duplex 1 is the
substrate for calf spleen phosphodiesterase and this is
reflected in the MALDI spectrum. In these experiments,
the amount of enzyme used for digestion was carefully
selected. (See Experimental.) If an excessive amount of
enzyme is used, the digestion becomes nonspecific and
attacks both single and double strands. If the amount of
enzyme is too low, then the time required to digest the
overhang becomes unacceptably long.
Digestions with Snake Venom Phosphodiesterase
Snake venom phosphodiesterase is an exonuclease that
sequentially cleaves nucleotides from the 39 end in
single stranded DNA [1]. Only duplex 2 is a substrate
for the snake venom phosphodiesterase. Duplexes 1, 3,
and 4 contain double stranded 39 ends. Spectra of
duplexes 1, 3, and 4 taken after a 10 min digestion
period (Figures 1d and 3c, duplex 3 data not shown)
Figure 3. MALDI mass spectra of duplex 4: (a) no digestion, (b)
digestion with calf spleen phosphodiesterase after 10 min, (c)
digestion with snake venom phosphodiesterase after 10 min, and
(d) digestion with nuclease S1 after 2 min. The ladder produced is
the combination of digestion products from two Loop structures
(# 5 product peaks from Loop I digestion; * 5 product peaks
from Loop II digestion).
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show no significant change from the undigested sam-
ples (Figures 1a and 3a). The MALDI spectrum of
duplex 2 after a 10 min digestion period is shown in
Figure 2d. The overhang on the bottom strand is
removed, leaving an ion at m/z 5866 which corresponds
to the loss of TTCTC from the strand but with an
additional phosphate group at one end—hence a theo-
retical m/z of 5866 rather than 5787. Replacement of a
hydroxyl with a phosphate group at either the 59 or 39
end would result in an increase of the mass-to-charge
ratio by 79 Da.
If the digestion is stopped after a short time period of
1 min (Figure 2c), a sequence ladder can be identified
similar to that in Figure 1b. The sequence ladder pro-
duced by snake venom phosphodiesterase contains ions
corresponding to the loss of T (measured m/z 6976,
theoretical m/z 6974), TT (measured m/z 6672, theoreti-
cal m/z 6669), and TTCT (measured m/z 6078, theoretical
m/z 6076) from the 24-mer. Unlike the m/z 5866 peak
corresponding to the loss of TTCTC, none of these
product ions include a terminal phosphate group. As
with calf spleen phosphodiesterase, the mass differ-
ences between adjacent sequence ions are sufficiently
accurate to unambiguously determine the sequence.
However, the digest product ion corresponding to the
loss of TTC (theoretical m/z 6380) is not observed above
the noise in any of the spectra recorded and therefore
makes it impossible to distinguish between TTCTC and
TTTCC as the 39 overhang.
It is not clear whether the absence of m/z 6380 (loss of
TTC) and the observation of phosphorylation activity
for m/z 5866 (loss of TTCTC) are related. In each case,
the terminal base removed is C. Quite often enzymes
considered to be pure contain some extraneous activity
that goes undetected in a conventional gel analysis or
UV absorbance assay. The terminal phosphorylation of
the m/z 5866 product may be an example where such
behavior may go undetected. The absence of m/z 6380 in
the MALDI spectrum suggests that the rate of removal
of a C from the single stranded overhang of double
stranded DNA is much greater than the rate of removal
of a T. This observation contrasts previous reports of
single stranded DNA digestions with snake venom
phosphodiesterase where digest ions in the MALDI
spectra exhibit similar relative intensities regardless of
the specific base removed [15]. More work is needed to
determine whether or not these observations are gen-
eral.
Digestions with Nuclease S1
Nuclease S1 cleaves phosphodiester bonds on single
stranded DNA [2]. The strand of DNA on the 59 end of
the cleavage site ends with a 39 hydroxyl, whereas the
strand of DNA liberated from the 39 end starts with a 59
phosphate. The nuclease will continue to digest un-
paired bases from the DNA until all single stranded
positions are digested. This reaction can be controlled
with pH and varying the concentrations of zinc and
sodium. Without proper salt concentrations and pH, the
enzyme becomes either nonspecific or nonreactive. The
activity of the nuclease was tested on both a single
stranded 24-mer and a 19 base pair blunt ended duplex
(duplex 3). The single stranded 24-mer was completely
digested in under 5 min under the reaction conditions
used (see Experimental), whereas duplex 3 remained
undigested over 10 min of reaction time (data not
shown).
Another common structural feature in DNA du-
plexes is a loop. This feature occurs when one strand is
longer than the complementary strand and both ends
are base paired. Because nuclease S1 cleaves at all single
stranded regions leaving a 59 phosphate at the cleavage
site, two separate series of digestion products are
formed.
Figure 3d shows a spectrum of the DNA loop after
digestion with nuclease S1. The digestion pattern ex-
ceeds the expected location of the loop (Loop I) pictured
in Table 1. Peaks observed in the MALDI spectrum that
correspond to the digestion products of Loop I are
given in Table 2. Most of the Loop I sequence can be
determined from the fragments appearing at m/z 4291
(theoretical m/z 4292), m/z 3987 (theoretical m/z 3988),
m/z 3674 (theoretical m/z 3674), and m/z 3369 (theoretical
Table 2. Predicted nuclease digestion products: Loop I
Top 59 CAA CTG GGG CTT ATC TTA ACG TTA C 39 7631
Bottom 39 GTT GAC CC-------------G AAT TGC AAT G 59 5826
Loop sequence: GCTTAT
5* Products (5*–3*) (M–H)2 3* Productsa (5*–3*) (M–H)2
CAACTGGG 2434 CTTAACGTTAC 3370b
CAACTGGGG 2763b TCTTAACGTTAC 3674b
CAACTGGGGC 3052 ATCTTAACGTTAC 3988b
CAACTGGGGCT 3356b TATCTTAACGTTAC 4292b
CAACTGGGGCTT 3660 TTATCTTAACGTTAC 4596
CAACTGGGGCTTA 3974 CTTATCTTAACGTTAC 4885
CAACTGGGGCTTAT 4278 GCTTATCTTAACGTTAC 5214
aExpected mass-to-charge ratios for 39 products include a 59-phosphate.
bPeaks observed in MALDI spectrum (denoted as # in Figure 3d).
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m/z 3370). A pair of peaks corresponding to the 59
product series appear at m/z 3355 (theoretical m/z 3356),
and m/z 2764 (theoretical m/z 2763). Table 2 also shows
that digestion products with a long single stranded
region are not observed. This result is not surprising
since nuclease S1 is very efficient at cleaving single
stranded regions and continued digestion of these
products is likely.
Many other peaks appear in Figure 3d that do not
correspond to either digestion series in Table 2. This
result suggests that the Loop I structure is not entirely
correct. The additional products in Figure 3d indicate
digestion of the 25-mer beyond the single stranded
region of Loop I. One possibility consistent with this
observation is a bulge structure where the ends of the
duplex are base paired, but the middle of both strands
are unpaired. Although the bulge explains continued
digestion of the 25-mer, it is inconsistent with the lack of
any digestion products from the 19-mer. A more prob-
able structure is a realignment of the loop (Loop II) as in
Table 3. Loops I and II are expected to be similarly
stable in solution and would appear as a single band in
a gel. Products corresponding to digestion of the five
nucleotide loop of Loop II are shown in Table 3. The
single nucleotide loop that contains one G can occur in
any of four positions including the position shown in
Table 3. Digestion products of this loop are not listed.
Many peaks in Figure 3d correspond to digestion
products of Loop II. These include m/z 3674 (theoretical
m/z 3674), m/z 3369 (theoretical m/z 3370), m/z 3080
(theoretical m/z 3080), m/z 2776 (theoretical m/z 2776),
m/z 2470 (theoretical m/z 2474), m/z 2158 (theoretical m/z
2158), and m/z 1844 (theoretical m/z 1845). The m/z 3674
and 3369 peaks also correspond to digestion products of
Loop I. The m/z 1845 peak results from the loss of an
extra A which is one nucleotide beyond the single
stranded region of Loop II. This extra loss of an A may
occur because the bonding of the A:T pair may not be
strong enough to overcome the strain on the duplex
originating from the loop [32]. None of the 59 series of
products from the 5 nucleotide loop of Loop II are
observed. These products may undergo further diges-
tion at the single nucleotide loop further down the
strand.
In conclusion, single stranded regions of DNA du-
plexes can be quickly determined by endo- or exonu-
clease digestions coupled to MALDI analysis. Double
stranded regions do not digest and are identified from
the product distribution after a long digestion time.
Short digestion times permit single stranded regions to
be sequenced. Secondary structures can be confirmed or
eliminated based upon the distribution of products
observed. This method may also prove useful in the
evaluation of DNA hairpins where the position of a
loop may determine a specific cleavage site, or protein
interaction [33].
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